Abstract Sequence analysis of cDNA from an asymptomatic patient belonging to a high-risk breast cancer family carrying the genetic variant BRCA1 IVS10-2A fi C revealed that functional BRCA1 mRNA was derived from only one of the patient's chromosomes. The other chromosome produced an aberrant RNA splicing transcript that deleted exon 11. Analysis of the patient's genomic DNA demonstrated that the chromosome producing the non-functional mRNA carried the genotype BRCA1 IVS10-2A fi C. This transversion disrupts a highly conserved base in the consensus splice acceptor motif. These results support the conclusion that BRCA1 IVS10-2A fi C is a mutation that confers predisposition to breast and ovarian cancer.
Introduction
Mutations in the tumor suppressor gene BRCA1 confer an increased risk for the development of breast and ovarian cancer. BRCA1 is located in a 100-kb region of chromosome 17 (Miki et al. 1994 ). More than 1,200 genetic variants dispersed throughout BRCA1 have been identified. Over 50 of these variants occur within introns or within splice consensus sites and may therefore interfere with RNA processing. The majority of these variants are of unknown clinical significance.
The characterization of genetic variants that do not obviously disrupt an open reading frame can be complicated. Genetic approaches have identified relationships between the occurrence of such variants and an increased risk for cancer (Friedman et al. 1994) . Variants that impact splicing lend themselves to biochemical analysis because it is possible to detect their effects on RNA processing. Many splicing mutations reside within consensus sequences in introns and are removed during transcript processing. Therefore, the analysis of these mutations is complicated because the variant itself cannot be used as a marker to differentiate between normal alternative and aberrant splicing products. This determination can be facilitated if specimens contain additional coding region polymorphisms that permit the contribution by both chromosomes to any RNA species to be evaluated.
Subjects and methods

Subject
The patient described here is 31 years old and has not been diagnosed with cancer but has a family history of breast cancer that includes a first-degree relative diagnosed with breast cancer at age 38 and a second-degree relative diagnosed with breast cancer at age 46 (Fig. 1) .
The genetic variant IVS10-2A fi C was identified through clinical full-sequence analysis of BRCA1 and BRCA2 (BRACAnalysis, Myriad Genetic Laboratories, Salt Lake City, Utah). The test revealed the intronic variant IVS10-2A fi C in BRCA1 and two missense polymorphisms at residues 694 (serine AGC/AGT) and 1,436 (serine TCT/TCC), which have been characterized as clinically insignificant. The patient was informed of the uncertain clinical significance of the intronic variant through genetic counseling and elected to participate in a research protocol designed to further characterize the variant. Unfortunately, both relatives of the patient that were diagnosed with cancer declined to submit blood samples for analysis.
Nucleic acid techniques
Commercially available kits were used to extract RNA from peripheral blood lymphocytes, which was subsequently used for cDNA synthesis (RNAeasy, Qiagen, Chatsworth, Calif. and Superscript Preamplification Kit, Gibco BRL, Gaithersburg, Md.). The primers used in these experiments contained the following designations and gene-specific sequences (all numeric base-pair designations conform to GenBank submission U14680, except for primer 11F3, which anneals to genomic DNA and conforms to GenBank submission L78833): All primers carried M13 tails with the sequences 5¢-GTTT-TCCCAGTCACGACG-3¢ for forward primers (designated ''F'') and 5¢-AGGAAACAGCTATGACCAT-3¢ for reverse primers (designated ''R''). The allele-specific primers, S694-AGT-R and S694-AGC-R, contained thioate derivative base analogs at the two most 3¢ residues.
All polymerase chain reactions (PCR) employed TaqPlus Long polymerase in the accompanying high salt buffer (Stratagene, La Jolla, Calif.) with primers at 1 pg each and target genomic DNA or cDNA at a concentration of approximately 20 ng and 10 ng, respectively. Following the initial denaturation step, thermal cycling proceeded using 35 cycles at 94°C for 20 s, 62°C for 30 s, and 72°C for 1-3 min, depending on product length.
Nucleotide sequencing employed dye-primer chemistry (ABI PRISM BigDye Primer Sequencing, Applied Biosystems, Foster City, Calif.) detected on automated instruments (ABI PRISM 377 DNA Sequencer Model 377, Applied Biosystems). The genotypes identified during the clinical test used for this study were confirmed in the patient and in the control samples prior to transcript analysis.
Results
Analysis of RNA transcripts
RNA splicing was evaluated by amplifying regions of BRCA1 from cDNA derived from the patient and from a control sample that shared the polymorphisms S694S and S1436S. Polymerase chain reactions were designed to generate fragments that contained the exon junctions most likely affected by the variant IVS10-2A fi C and the coding region polymorphisms S694S and S1436S. The fragments produced in these reactions were separated on agarose gels, and the patient and control samples were compared. Some fragments were excised for further analysis. These excised fragments served as targets for additional PCR-based sequencing reactions that could confirm the primary structure of the transcripts at the splice junctions and also determine the contribution from both chromosomes to any RNA species by assessing the nucleotide sequence at the polymorphic sites. The fragments generated for this analysis are depicted schematically (Fig. 2) .
Fragments were generated by PCR to examine the BRCA1 message upstream from exon 11 using the primer pair 6F and 11R1. The sequences of these products showed normal splice junctions for exons 9 through 11 in both the patient and control (primer set 6F and 11R2, Fig. 1 Patient pedigree. The patient (indicated with arrow) was 31 years old and had not been diagnosed with cancer. One first-degree and one second-degree relative had previously been diagnosed with breast cancer at 38 and 46 years old, respectively. The numbers 3 and 7 within boxes indicate the number of additional male children in that family Fig. 3a) . In the patient, however, this normal transcript was derived solely from the chromosome encoding AGT at residue 694, while the same transcript was derived from both chromosomes in the control sample (primer set 11F1 and 11R1, Fig. 3b ). This result, which indicates that the patient has lost the functional transcript from one chromosome, was confirmed when the polymorphism at residue 1,436 was evaluated by sequencing. Gelpurified fragments from PCR using the primer pair 11F2 and 16R were sequenced using the primer set 11F2 and 13-14R. The results of these sequencing data demonstrated that the functional mRNA in the patient was produced only from the chromosome encoding TCC at residue 1,436, while the control sample was heterozygous at that codon (Fig. 3c, d) . Furthermore, the two bases detected on the transcripts in the patient at residues 694 and 1,436 occur together on a common haplotype (Shattuck-Eidens et al. 1997) . These results support the conclusion that the normal mRNA for BRCA1 is produced from only one chromosome in the patient.
Mutations within splice acceptor sites commonly result in transcript processing errors that delete the subsequent exon (Berget 1995; Zhang 1998) . The patient and control cDNA samples were amplified with the primer pair 6F and 15R to determine if transcripts were processed that delete exon 11. When the products from these reactions were visualized on agarose gels, one band was common to both the patient and the control, while three additional fragments were detected from the patient (Fig. 4) . These fragments were excised from the gel, amplified and sequenced using the primer pairs 6F/12R and 12F/13-14R. The common fragment is a normal alternative product that results from the use of a cryptic splice donor site that causes the deletion of the 3,309 carboxy-terminal nucleotides of exon 11 from the transcript. The longest of the three bands unique to the patient results from the complete deletion of exon 11. Furthermore, this splicing product is produced from the chromosome that encodes S1436/TCT (Fig. 5) . The two shorter fragments that were detected in the patient are also produced from only the chromosome encoding S1436/TCT and are caused by the deletions of exons 10 and 11 and exons 9 through 11. The position of the IVS10-2A fi C variant within the splice acceptor site and the detection of shorter fragments from the chromosome generating non-functional mRNA suggest that this variant causes aberrant RNA splicing and produces multiple mutant transcripts that delete exon 11. The smaller transcripts appear to be compound deletions of exon 11 caused by IVS10-2A fi C with normal alternative products that delete either exon 10 or exons 9 and 10 (Lu et al. 1996; Miki et al. 1994) .
The intronic variant IVS10-2A fi C was associated with the chromosome that encodes 694/AGT by amplifying the patient and control genomic DNA using the forward primer 11F3 with the reverse primer 11R1 and the allele-specific reverse primers S694-AGC-R and S694-AGT-R. In the patient, the sequence of these fragments shows the heterozygous base pair A/C at IVS10-2A fi C when amplified with primer 11R1, while primer S694-AGC-R was associated with cytosine and primer S694-AGT-R was associated with adenine at that position (Fig. 6 ). This result demonstrates that the intronic variant resides on the chromosome that does not produce normal mRNA, but instead contributes to an aberrant splicing product that deletes exon 11.
Discussion
Three separate results corroborate to support the conclusion that BRCA1 IVS10-2A fi C is a deleterious mutation that induces aberrant splicing that deletes exon 11 and confers risk for hereditary breast cancer. First, the normal mRNA for BRCA1 is derived from only one chromosome in the patient. Second, an Fig. 2 Fragments generated for cDNA analysis. Both the normal mRNA and the aberrant mRNA splicing product that deletes exon 11 are depicted schematically. PCR fragments generated for these analyses are shown, and the primers used for amplification are indicated for each fragment. Arrows indicate the positions of the polymorphisms at codons 694 (serine AGC/AGT) and 1,436 (serine TCT/TCC). Fragments adjacent to the mRNA schematics were amplified from cDNA and fractionated and excised from agarose gels. Fragments one line removed from the primary amplification reaction (horizontal dashed lines) were generated by secondary amplification of the respective gel-purified fragment and sequenced aberrant transcript that deletes exon 11 is produced solely or in great excess from the other chromosome. Also, the structure of this RNA is consistent with expectations for exon skipping induced by a mutation in a splice acceptor site. Third, the variant IVS10-2A fi C was physically associated to the chromosome that produces the aberrant RNA by allele-specific PCR. The removal Fig. 3a-d Sequence analysis of normal BRCA1 mRNA from patient and control. Portions of fluorescent sequence data (extracted with ABI Prism sequencing analysis software version 2.1.1) surrounding codons 694 and 1,436 and the exon junctions that would likely be affected by the variant are shown. The reverse strand is used for all traces except for the polymorphism at codon 694. These sequencing reactions were performed from primary PCR reactions using primers 6F and 11R1 for the 5¢ region from exon 11 (a, b) and primers 11F2 and 16R for the 3¢ region from exon 11 (c, d). The fragments were excised from agarose gels and sequenced. Both the patient and control samples showed normal splice junctions for exons 9-11 and 11-13, using the primer sets 6F/ 11R2 and 11F2/13-14R, respectively (a, c). The sequence of the functional mRNA transcript from the patient demonstrates that it was derived solely from the allele that carries the non-consensus codons 694 (AGT) using primers 11F1 and 11R1 and 1436 (TCC) using primers 11F2 and 13-14R (b, d) . In panel d, although the analysis software called a ''G'' at the position for the polymorphism S1436S in the control sample, the sequence trace clearly exhibits the heterozygous bases A/G Fig. 4 Detection of additional RNA splice products in the patient. PCR fragments generated with the primer pair 6F and 15R from cDNA were separated by agarose gel electrophoresis [M 100-bp ladder (fragments 1,500-600 shown), C control sample, P patient sample]. Three bands unique to the patient were detected. These fragments represent aberrant RNA splicing products that result from IVS10-2A fi C (see text). The band common to the patient and control is a normal alternative product that is produced by a cryptic donor site within exon 11 (see text) Fig. 5a , b Sequence analysis of an aberrant RNA transcript in the patient. These traces represent portions of fluorescent sequence data from the patient's cDNA. The largest of three fragments that amplified from only the patient using primers 6F and 15R was excised and sequenced. a This sequence reveals the deletion of exon 11 using primers 6F and 12R. b The deletion occurs on the chromosome encoding residue 1436 with TCT using primers 12F and 13-14R. (Sense strand shown for the polymorphic codon, and the reverse strand shown for the aberrant exon junction) of exon 11 produces transcripts that resume the normal reading frame following the deletion of 1,143 residues (BRCA1 contains 1,863 amino acids). This same deletion in mouse models abrogates BRCA1 function (Xu et al. 1999a (Xu et al. , 1999b .
There is growing acceptance of the utility for genetic testing to assess patients' predisposition to disease. It is essential to develop methods to determine the clinical significance of genetic variants in patients that are asymptomatic or where samples from other family members are unavailable. Here, a method for conclusive biochemical analysis of variants with the potential to impact RNA splicing is demonstrated. This method has previously produced definitive results by identifying splicing mutations in diagnosed cancer patients (Pyne, et al. , 2000 Scholl et al. 1999) . In this instance, the formal demonstration of this RNA splicing mutation will occur when the relationship between this variant and the occurrence of breast or ovarian cancer can be established clinically. Fig. 6a-c Association of IVS10-2A>C to the chromosome encoding S694 with AGC. Genomic DNA from the patient was amplified using primer 11F3 in combination with the reverse primer 11R1 or the allele-specific primers S694-ACG-R and S694-AGT-R (polymorphic base one nucleotide removed from the 3¢ end of the primer, see Materials and methods). a The heterozygous base at IVS10-2A fi C is shown using the reverse primer 11R1. b Using the allele-specific reverse primer S694-AGT-R, only the base IVS10-2A is shown. c Using the allele-specific reverse primer S694-AGC-R, only the mutant base IVS-2C is shown
